This paper presents results from a selection of tactile sensors that have been designed and fabricated. These sensors are based on a common approach that consists in placing a sheet of piezoresistive material on the top of a set of electrodes. We use a thin film of conductive polymer as the piezoresistive material. Specifically, a conductive water-based ink of this polymer is deposited by spin coating on a flexible plastic sheet, giving it a smooth, homogeneous and conducting thin film. The main interest in this procedure is that it is cheap and it allows the fabrication of flexible and low cost tactile sensors. In this work we present results from sensors made using two technologies. Firstly, we have used a flexible Printed Circuit Board (PCB) technology to fabricate the set of electrodes and addressing tracks. The result is a simple, flexible tactile sensor. In addition to these sensors on PCB, we have proposed, designed and fabricated sensors with screen printing technology. In this case, the set of electrodes and addressing tracks are made by printing an ink based on silver nanoparticles. The intense characterization provides us insights into the design of these tactile sensors.
INTRODUCTION
Tactile sensors are basically arrays of force sensors that enable monitoring across a whole specific surface area, and not only discrete points pressure monitoring.
They are demanded in applications where unstructured environments or uncertainty are present, like minimal invasive surgery (MIS), robotics, rehabilitation, virtual reality, telepresence, or industrial automation (Lee 2000; Tegin and Wikander 2005) . Many different approaches have been proposed to fabricate these sensors, most of them are based on piezoresistive (Engel et al. 2006 ; Kane et al. 2000; Mei et al. 2000; Lomas et al. 2004; Kim et al. 2006; Wisitsoraat et al. 2007 ; Shan et al. 2005) or capacitive (Salo et al. 2003; Leineweber et al. 2000; Paschen et al. 1998; Gray and Fearing 1996; Lee et al. 2006;  http://pressureprofile.com/products-robotouch) principles, and a few are based on optical (Hellard and Russell 2006) or piezoelectrical transduction (Dahiya et al. 2007 ). Most of these sensors are made using technologies for Micro-ElectroMechanical Systems (MEMS) on silicon (Kane et al. 2000; Lomas et al. 2004 ; Salo et al. 2003) or on polymers (Engel et al. 2006; Kim et al. 2006 ; Lee et al. 2006 ). These technologies are not orientated to large area devices, and many of them are proposed for applications that demand high spatial resolution and good performance in terms of errors, like MIS (Salo et al. 2003) . Moreover, most of these realizations have ranges in the order of hundreds of mN or even μN.
Especifications for the sensors to be used in robotics depends on the especific application (for instance fine manipulation or assistance in moving people).
However, ranges in the order of tens of Newtons per tactel are common (http://pressureprofile.com/products-robotouch; http://www.shadowrobot.com/).
Sensors that cover larger areas and have also wider input ranges can be obtained by arranging single force sensors on a -usually-flexible substrate (Mei et al. 2000 ; Shan et al. 2005 ; Paschen et al. 1998) , but this increases costs because many instances of these force sensors are needed and because they must be assembled on the substrate. To lower the cost of the sensor it is better to obtain the whole array in the batch fabrication process minimizing further assembly of separate components.
The commercial capacitive sensor of (http://pressureprofile.com/products-robotouch) is designed for manipulative tasks in robotics and is able to cover large areas and it is stretchable, so it can be mounted on free-form surfaces. However signal conditioning of capacitive sensors is more complex than that for piezoresistive sensors and most proposals for large area low cost sensors are based on piezoresistive materials, especially to obtain smart tactile sensors with very compact electronics that can be placed close to the raw sensor (Weiss and Wörn 2004; Cannata and Maggliali 2006; Shimojo et al. 2004 (Someya et al. 2004) . In this case, a pressure-sensitive flexible layer made of polydimethylsiloxane (PDMS) containing electrically conductive graphite particles was used. But once again, the fabrication process was complicated as well as the cost of the final device increased by the deposition of gold layers (vacuum evaporated) and polyimide layers (cured at 180ºC).
The technology developed by CIDETEC (Ochoteco et al. 2008) We are interested in developing tactile sensors based on this technology. Low resolution sensors, in the range of centimeters have been successfully developed and reported (Ochoteco et al. 2008 This will allow us to get better raw sensors and serve as a guide in the design of the electronics and algorithms to process the tactile data.
FABRICATED POLYMER BASED TACTILE SENSORS
A conducting, polymer dispersion was used as conducting ink to be applied on a flexible plastic sheet. Poly (3,4-ethylenedioxythiophene) (PEDOT) was chosen as the conducting raw material, and aqueous dispersions of this polymer were prepared for the elaboration of conducting inks. PEDOT aqueous dispersions were prepared by using an Ultrasonic Processor (model UP 400 S from Dr. Hielscher GmbH) during the synthesis. As an example, ethylenedioxythiophene (1 ml, 9.4 mmol) and 3.5 g of poly styrene sulfonate (PSS) were dissolved in 100 ml of distilled water. To this mixture, an equimolar amount of ammonium peroxydisulphate (6.58 g, 28.8 mmol) dissolved in 50 ml of water was added dropwise over a period of 4 min. After 1 h of reaction under ultrasonic irradiation a dark blue PEDOT aqueous dispersion was obtained. 
MEASUREMENT SET UP
The measurement set-up we have used to characterize the sensors consists of devices to exert force or pressure against the surface of the tactile sensors and signal conditioning electronics to read the information from the sensors. Many tests were made with a set-up that consisted of a translation stage to place the sensor on, a stepper motor to exert the force via a spring and a force sensor placed at the tip of the probe (Castellanos et al. 2009 ). Similar systems are described in other reported works. An important question arises if we use the previous, common set-up to compare different sensors. It is the mismatching between tactels, which is quite important in this kind of sensor. Since our purpose is to find some insights into the behaviour and design issues of these sensors, we have to test and compare different designs. Therefore, to obtain significant conclusions, we should characterize not only a tactel but the tactile sensor as a whole. Then we compare the mean value of the measurements provided by all the tactels of a sensor with others obtained from the set of tactile sensors under study. This will allow us to see the effects of different design decisions without being masked by mismatching between tactels.
To exert a uniform pressure on the sensor we have used the pneumatic device in Fig. 3 . It is commercialized by Tekscan (www.tekscan.com) to be used to equilibrate their sensors (see section 4.6) Equilibration is a procedure recommended to compensate mismatching between tactels. We will use this device to characterize our sensors in the way described. The device has a pressurized chamber with a flexible wall or membrane. This wall is in close contact with the sensor and almost does not bend, so the pressure on the tactels is practically the same. The pressure in the chamber is set by a knob and its value is displayed by an analogue manometer. We added a second digital manometer to improve the set-up to be used to characterize the sensor and not just to equilibrate it. Since the rows that are not driven are also grounded, parasitic resistors are virtually short-circuited and do not contribute to the output. The results in the next section were obtained using this circuitry. The array is read sequentially and only one row is driven at a time. The output of this circuit was read by an acquisition board in a PC.
Besides the static characterization, some tests were made to better understand the dynamic behaviour of the sensors. Firstly, we would like to know the response to a sudden increase and decrease of the pressure on a tactel, so we had to build a device to create a pressure pulse on the sensor surface. The device used for the static characterization did not provide a fast enough response, so we had to design and mount a specific test bed, as is shown in Fig. 5 . The chamber is that of the device described in the above paragraph, so that device allows us to obtain a given target pressure of the pulse. To generate such a pulse a three way electrovalve is set to connect the chamber with a short pipe ended with a flexible membrane in close contact with the sensor surface. The pressure increases suddenly up to the value set by the regulator. To end the pulse the valve is set to connect the pipe to the atmosphere, so the pressure inside falls quickly. 
RESULTS AND DISCUSSION
Many tests were made with the measurement set-up and the fabricated sensors Besides the results of the dynamic behaviour, the static performance of the sensors is illustrated by measurements made using the set-up shown in Fig. 3 . For instance, Fig. 8 (a) shows results from five cycles (every cycle takes 4 minutes approximately) where the pressure was increased and then decreased. The curves at the top of the figure show the mean value of the readings of all the tactels in the array (only a few outliers beyond twice the standard deviation were removed), while the curves at the bottom show the standard deviation of the reading with respect to the mean value. A quite large mismatching between tactels is observed.
We will comment on this later together with some strategy to reduce it. Fig. 8 (b) shows the mean value of the data from previous figure, i.e. the curves with the mean value of the readings of all tactels are also promediated and the result is displayed together with its standard deviation. Note that the standard deviation is quite low here, so the measurements are quite repeatable. Finally, Fig. 6 shows the tactile image obtained by the system from a simple test that consists in pressing the sensor surface with a rubber. A hole has been made in the center of the rubber in the case of In the following, some interesting issues will be discussed related to sensors on PCB technology whose data is at Table 1 and others made on screen-printing: area of the electrodes, geometry of the electrodes, conductivity of the polymer film, dynamic response and sensors made with screen printing technology. 
Area of the electrodes
In order to see the influence of the area of the electrodes on the sensor performance we fabricated a few arrays on PCB. A first significant result was that electrodes had to be designed in such a way that the areas of both were the same.
Otherwise the performance of the sensor is determined mainly by the area of the smaller one. The simple model in Fig. 7 can illustrate this. The equivalent resistance of a tactel is given by the equation
Where R inn and R outt are the resistances at the interfaces with the inner and outer electrodes respectively and R vol is the resistance of the path between both electrodes. As mentioned in section 2, the resistance depends on the effective contact area that depends also on the pressure and is obviously proportional to the area of the electrode. Therefore we can write
Where A inn and A outt are the area of the inner and outer electrodes respectively and a(P) is a function of the pressure exerted on the sensor. It is obvious that the summation of both areas is a constant for a given spatial resolution of the sensor, so A inn + A outt = A, where A is a constant. Therefore, for a given pressure on the sensor it is readily obtained from (2) that
Where C is a constant. From (1) and (3) it is obtained that R eq has a minimum for R inn = R outt , and from (2) it is concluded that A inn = A outt . Fig. 8 shows measurements that confirm this conclusion. The output at Fig. 8 (a) and (b) corresponds to the sensor with the data shown at Table 1 in the column labelled with m101. Fig. 8 (c) and (d) show the output for the sensor with label m101v2. Note that even with a smaller total area (summation of the area of both electrodes) the sensitivity of the sensor with balanced electrodes is larger. In addition, Fig. 9 shows the influence of the area or resolution. This figure shows the output of the sensor labelled with m10075v2 at Table 1 . For smaller areas R inn and R outt increase (see eq. (2)) and the sensitivity of the sensor is reduced. Table 1 ).
Geometry of the electrodes
We also wanted to know the influence of the shape of the electrodes on the behaviour of the sensor. We made another array of electrodes on the same PCB technology. The area of each electrode was the same as that of the sensor whose output is at Fig. 8 (c) and (d), but their shape was a kind of comb, which is also quite common (Ochoteco et al. 2008 ). Therefore we compare sensors with the electrodes of the same area but different geometries, circular and comb shaped.
The results of the latter are shown at Fig. 10 . Besides slight differences in the shape of the curve and the sensitivity, two main differences can be highlighted.
First, a larger hysteresis in the sensor with the comb electrodes can be observed.
Second, a larger mismatching between tactels is also observed in this case. Table 1 ).
Conductivity of the polymer film
Based on the idea that the adequate control of electrical conductivity values and film morphologies allow working pressure ranges to be tailor-made designed, a synthesis strategy is developed, obtaining conducting polymers with a wide range of surface morphologies and electrical conductivities. Concretely, some PEDOTAu nanocomposites are designed using PSS dopant. In these cases, the electrical conductivity of the film increased compared to the electrical conductivity measured in the films in absence of Au nanoparticles. Moreover, the film morphology showed a clear increase in roughness in PEDOT/PSS/Au films compared to PEDOT/PSS films. A surface roughness of 50nm appears for the PEDOT/PSS film while a roughness of 75nm can be observed for the PEDOT/PSS/Au one. Regarding the final sensor performance, the conductance increased when PEDOT/Au nanocomposites were used as electroactive material in the device. This can be exploited to increase the sensitivity of the sensor, for instance in the case of having a high resolution sensor. This is illustrated at Fig.   11 , where the output of two sensors with geometry labelled as m10075v2 at Table   1 is displayed. The curve at the bottom is obtained with a polymer with conductivity 0.082S/cm while the curve at the top corresponds to a polymer with conductivity 0.169S/cm. A clear increase in the sensitivity of the sensor can be observed. (http://www.wika.es). As can be observed in the figures, the curves from the tactile sensor follow those from the pressure sensor quite closely and we conclude that the dynamic response is in the order of a few milliseconds.
Another test was made to see the drift of the sensors. Other authors usually only provide the drift for a given pressure, commonly exerted by a dead weight placed on the sensor. We have followed a procedure similar to that reported in (Hollinger and Wanderley 2006) for a characterization of commercial force sensors based on similar principles. This procedure consists in measuring the drift not only from a point of zero pressure being applied, but also when existing pressure is incremented. We also show results of positive as well as negative increments. Fig.   12 (b) shows the results of this experiment that was performed with the set-up shown in Fig. 3 . Three significant issues are worth mentioning here. Firstly, a large drift is observed in the case that the sensor is not loaded at the starting point. This is also reported by other authors (Kerpa et al. 2003 ) and a preload can improve the behavior of the sensor (Hollinger and Marcelo 2006; Cannata and Maggliali 2006) . Secondly, for the remaining curves (except that not preloaded), a drift below 15%
is observed in the worst case until the end of the test that takes 1,794s. The values for the drift are similar to those reported in (Hollinger and Marcelo 2006) for commercial force sensing resistors. Finally, it is worth noting that the drift is very little for negative increments in the pressure.
Sensors made with a screen-printing technology
In addition to the sensors on PCB whose results have been shown above, similar sensors were fabricated with screen printing. These sensors are described in section 2. Fig. 13 summarizes the results obtained from the same tests described in previous sections and realized with the setups in Fig. 3 and Fig. 5 . We can see in Fig. 13 (a) and (b) that the hysteresis is lower in this sensor. On the other hand, a quite large pressure threshold can be observed. However, this threshold could be reduced by changing the compliance of the inner elastomer and also a preload can be applyied to overcome its practical effects. The presence of this threshold is also noticeable in the dynamic response to a pressure pulse shown at Fig. 13 (c) that is in the order of a few milliseconds also. For curves starting from pressures other than zero, the drift is below 16% in the worst case (see Fig. 13 (d) ). The drift is also very little for negative increments in the pressure. 
Further processing (equilibration)
As can be seen in previous results, some undesired source of errors such as hysteresis, drift or mismatching are present in these sensors. This is common to sensors made with similar approaches (Weiss and Wörn 2004; Cannata and Maggliali 2006; Shimojo et al. 2004) . In order to use them, some processing is required to compensate these errors. For instance, the equilibration (www.tekscan.com) of the sensor to reduce the mismatching between tactels. If m ij is the measurement from a tactel, the equilibration is made as where m ij _eq is the output of the tactel for a given pressure at the equilibration point and mean_eq is the mean value of the outputs from all tactels at the equilibration point (it should be the same without mismatching). 
CONCLUSIONS
This paper presents results from tactile sensors based on electroactive polymers. Many tests were made on different sensors to learn more about their behaviour.
Some results are shown here together with a few valuable insights on the design issues and performance. It is worth noting that we provide results obtained with a uniform pressure against the sensor. In this way we can compare different approaches that are not masked by mismatching between tactels. This mismatching is high, so at least some procedure such as equilibration, recommended by other commercial sensors, is also required here to obtain more resolution. We also conclude that the area of the electrodes in a tactel should be balanced to achieve maximum sensitivity. Improved performance in terms of hysteresis and mismatching was also observed for sensors with circular concentric electrodes when compared to sensors with comb shaped electrodes. Spatial resolutions as low as 0.05 inches between centres of tactels have been successfully tried. The sensitivity is lower in this case because of the smaller area of the electrodes, but this can be compensated for with tailor-made polymers with higher conductivity. Sensors based on flexible printed circuit boards as well as others based on screen printing were fabricated. The latter show notably reduced hysteresis. A specially developed set up was used that allowed us to carry out repeatable tests to measure the dynamic response to a pressure pulse. The results from several trials show delays in the order of a few milliseconds. Other tests show the drift for negative and positive increments of the pressure. Drifts below 16% during a period of 1,794 seconds for preload sensors are measured, which is similar to other sensors, for instance force sensing resistors based on a similar technology. We can conclude that valuable information was obtained regarding how to design these sensors and also how to use them, since undesired effects such as mismatching or drift should be taken into account in the processing of data from the raw sensor by the local electronics of a smart tactile sensor. This is the common approach to obtain low cost, relatively large area sensors for robotics.
